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Catfish aquaculture is the largest cultured food fish industry in the United States,
accounting for approximately $375 million in sales annually, with Mississippi leading the
industry with 36,200 surface acres of production. However, infectious diseases such as enteric
septicemia of catfish (ESC) are decreasing production efficiencies, creating losses of $40-60
million annually. Live-attenuated oral ESC vaccines are effective in preventing ESC infections,
but have not been widely adopted by the catfish industry due to the lack of a system to
administer the oral vaccine at the scale seen in commercial catfish production systems.
An automated system was developed to administer a dosage of 220.5 ml of a liveattenuated ESC vaccine per kg of catfish feed, adapting commercial catfish feeder design to
include a screw conveyor for mixing vaccine and feed in a continuous process, pulse-width
modulated spray nozzle control for precise vaccine application, and a programmable automation
controller to regulate and monitor system performance. Initial performance evaluations
demonstrated system operation within the desired design specifications.
System feed rates were determined to be a function of the rotational speed (RPM) of the
screw conveyor and to be linear across the operational range. Feed rates were observed to

decrease by 45% over dry feed when applying liquid vaccine to the feed stream at the 220.5
ml/kg (100 ml/lb) rate, resulting in a feed rate range of 6.80-34.02 kg/min (15-75 lb/min) (95%
CI).
Uniform pellet-level vaccine distribution is crucial to efficacy as pellet consumption is
directly correlated with fish size, with more criticality in smaller fish fed at low rates. Pellet
vaccine concentrations at 6.80, 20.41, and 34.02 ml/kg were highly variable and vaccine
application at all rates were observed to be statistically different (less) than the target 220.5ml/kg
rate (95% CI), pointing to potential issues with vaccine delivery system configuration or
inadequacies in sampling methodology. Further evaluation at the pellet level with liveattenuated vaccine to obtain viable cell counts within individual pellets would provide data
necessary to address uniformity of coverage questions more fully and to develop operational
protocols that maximize system capabilities and vaccine efficacy.
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CHAPTER I
INTRODUCTION
1.1

Background
The commercial catfish industry in the United States consists of 63,760 surface acres of

water predominately concentrated in the southeastern states of Mississippi, Alabama, Arkansas,
and Texas (Posadas 2017; USDA-NASS 2019a). These states account for approximately 97% of
all commercial catfish produced domestically. In 2018, the total domestic production of the U.S.
commercial catfish industry was 208.8 million food size fish for processing at an estimated total
value of $335 million dollars, 56.5 million stockers at an estimated value of $7.7 million dollars,
and 235.3 million fingerlings and fry at an estimated $16.3 million dollars, bringing the total
estimated value of production for 2018 to $360.4 million dollars nationally (USDA-NASS
2019a).
In 2018, Mississippi ranked first in catfish production with 36,200 surface acres of water
and accounted for 58% of the total production acreage of catfish commercially (Figure 1.1). Of
the total acreage in Mississippi, 27,000 acres were allocated for foodfish, producing 121 million
fish with an estimated value of $188.2 million dollars. Fingerling production occupied 5,900
acres, producing 168 million fish with an estimated value of $14.3 million dollars. The
remaining 1,400 surface acres were utilized for brooding and egg production to rear the new crop
(USDA-NASS 2019a, 2019b).
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Figure 1.1

California
1%

U.S. commercial catfish production by state, 2018.

(USDA-NASS, 2019a)

1.2

Commercial Catfish Production
Commercial catfish production is a well-defined and controlled process, beginning with

spawning and ending with the final harvesting of foodfish destined for processing. An overview
of catfish production practices can be found in Tucker and Robinson (1990). In summary, the
production cycle can be divided into three distinct phases that include the hatchery, fingerling
and foodfish production phases and the production cycle from spawning to processing is
depicted in figure 1.2 (www.fao.org) Each unique phase has distinct requirements that require
intensive management in order to maintain an available supply of foodfish to meet the yearround processing demand.

2

Figure 1.2

Illustration of the commercial catfish production cycle.

(www.fao.org)

1.2.1

Hatchery Phase
Fingerling production begins with spawning where brood stock are selected for their

desired traits that will carry through to their offspring. Healthy, age-appropriate fish (3-6 years)
are identified by gender and stocked in ponds for spawning (brood ponds) at a 2:1 or 3:1 female
male ratio. Stocking density typically does not exceed 2000 pounds/acre to minimize crowding
and maintain optimal environmental conditions to promote optimal egg production. Catfish
spawn once yearly when water temperatures warm to around 24°C (75°F). In a commercial
setting, spawning containers are used as a netting site where eggs are deposited in layers that
form an adhesive mass. Once the eggs are deposited, the male enters the spawning container,
fertilizes the egg mass, and remains within the spawning container to guard and “fan” the eggs to
3

maintain water circulation that provides oxygen to the eggs while they mature. Spawning
containers are checked every 2-3 days for the presence of fertilized egg masses which are
removed and placed in insulated containers with aerated pond water for transfer to the hatchery.
At the hatchery, fertilized egg masses are placed into wire-mesh (1/4” mesh) hatching baskets
suspended in clean, temperature-controlled water. Rotating paddles maintain a constant agitation
mimicking the natural fanning motion, producing water current that removes biomaterial and
keeps the egg mass oxygenated. After a 5 to 8 day incubation period, eggs hatch as yoke-sac fry,
fall through the wire mesh, and accumulate on the bottom of the hatching trough. Yoke-sac fry
are siphoned from the hatching trough, enumerated, and transferred to a rearing trough where
they feed off their remaining attached yolk sac. As the yolk sac is absorbed, the fry begin to
swim to the surface of the water in search of food, where they are fed a powdered high protein
(40-50%) starter diet. At this point in the production cycle, the fingerlings are identified as
swim-up fry.
1.2.2

Fingerling Phase
Swim-up fry are transferred to nursery ponds, around 7-10 days after hatching, where

they continue their growth into fingerlings. These nursery ponds are typically stocked at rates of
100 to 125 thousand fry per acre, but can vary dependent on production strategies. Fish growth
is inversely related to stocking density and specific stocking rates are dictated by production
strategies and market demands (Engle and Valderrama, 2001). Ponds are typically over stocked
to account for losses associated with disease, bird predations, or other environmental factors to
achieve a desired density and size at harvest.

4

1.2.3

Foodfish Phase
Stocked fry are raised over the next 3-4 months and harvested for re-stocking in food fish

production ponds. During this transition, fingerlings are referred to as “stockers” when they are
transferred to foodfish production ponds. Management practices vary greatly among catfish
operations but in general fish are stocked at rates ranging from 6,000-10,000 head/acre.
Through proper management, feeding strategies, stocking densities, and favorable
growing conditions, stocker fish can be raised to the desired processing weight (1.5-2.0 lb)
within a 150 to 200 day production window. However, this process from hatchery to food-sized
fish can take from 18-24 months due to extraneous factors such as disease and weather-related
factors that inhibit growth of the fish.
1.3

Diseases of Catfish
Infectious and non-infectious diseases in commercial catfish production systems present

challenges for treatment and result in increased production costs and associative revenue losses.
Non-infectious disease such as idiopathic catfish anemia, visceral toxicosis of catfish, nitrite
toxicity and possible malnutrition are typically associated with poor environmental quality,
environmental toxicants, stress or poor feed quality. Proper feed and fish management can
greatly minimize non-infectious disease occurrence without disease specific treatments.
Infectious diseases are associated with bacterial, parasitic, fungal or viral pathogens and can be
further divided in primary or secondary type infections.
Primary infectious agents are able to cause disease by simple exposure of a susceptible
host to the infectious agent. In contrast, secondary or opportunistic infections do not typically
occur unless the fish host has been compromised by stress resulting from handling,
overcrowding, poor environmental quality or exposure to environmental toxicants. Often these
5

infection types are difficult to treat since general poor health is the underlying cause of losses
and not pathogen presence or absence (Wise, personal communication).
1.3.1

Enteric Septicemia of Catfish
In commercial catfish production, enteric septicemia of catfish (ESC) is the most

prevalent bacterial disease affecting production efficiency. The disease is caused by a gram
negative enteric bacterium identified as Edwardsiella ictaluri (Hawke et al., 1981) and is
considered an intracellular-facultative pathogen resulting in cryptic infections within
macrophages (Booth, et al., 2006). Clinical signs of acute infection include, petechial
hemorrhage, small, punctate ulcerations, exophthalmia, and an extended abdomen resulting from
accumulation of ascetic fluid. Transition from acute to chronic infection is characterized by
dorsocranial swelling and ulceration (Newton, et al., 1989). Clinical disease signs are depicted
in figure 1.3 (Hawke et al., 2015).

Figure 1.3

Illustrations of clinical ESC infection symptoms.

(Hawke et al., 2015); Petechial hemorrhaging (left), punctate ulcerations (center), and
dorsocranial swelling and ulceration (right).

Since its initial description in late 70’s, this pathogenic agent has become wide spread
and considered ubiquitous in catfish production systems in the Southeastern United States.
6

Piscivorous birds are thought to serve as a disease vector (Taylor, 1992, Waterstrat et al., 1999),
but the presence of carrier states in chronically infected fish is thought to be the primary factor
associated with environmental persistence (Klesius, 1992). In addition, E. ictaluri has been
shown to survive in pond sediments for extended periods of time (Plumb & Quinlan, 1986) and
found in non-aquaculture species of native fish. These factors make disease control through
biosecurity virtually impossible or at a minimum impractical. Prior to the development of
effective control strategies, ESC associated mortality could exceed 50% in susceptible
populations of catfish.
Enteric septicemia of catfish is most problematic during the fingerling production phase.
Epizootics follow a season trends when pond temperatures are between 22-28oC (72-82°F).
While ESC losses can occur in the spring, the disease is most problematic in the fall when naïve
juvenile fish are initially exposed to the pathogen (Wise et al., 2004). Infections are transmitted
by pathogen ingestion present in the environment during feeding (Wise et al., 2008) and through
direct exposure of the pathogen to mucous membranes in the fish (Shotts, et al., 1986). Since
fresh water fish do not actively drink water, the act of feeding fish dramatically facilitates disease
transmission via ingestion of the E. ictaluri pathogen that is present in the environment.
Fish that survive infection will either completely clear the infection and become
refractive to subsequent exposures through the development of acquired immunity or develop a
chronic infection that will carry over into the food fish production phase. The development of
chronic infections varies but is estimated that 5-10% of fish that survive initial infection will
develop a chronic infection characterized by a dorsocranial ulceration, giving rise to the
colloquial name “hole in the head disease” (Wise, personal communication).
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1.3.2

Treatment of Enteric Septicemia of Catfish
Historically, control of ESC has relied on feed restriction or by feeding fish medicated

feed. Both approaches are effective in reducing mortality, but are associated with inherent
limitations. Withholding feed will slow the spread of infection and is an effective preventative
measure for transmittal, but this methodology of disease prevention greatly compromises growth
and increases the number of days required to reach marketable size and weight, resulting from
the lost feed days (Wise et al., 2008). Medicated feed can be effective in treating sick fish (Wise
et al., 1998; Gaunt et al., 2003), but is expensive, thereby increasing the cost of production, and
medicated feed cannot be delivered when the epizootic progresses to the point that the disease
has induced anorexia. In addition, overuse of medicated feed can lead to antibiotic resistance,
rendering the antibiotic useless to subsequent infections in the growing cycle (Cabello, 2006).
A more effective approach to ESC control would be through vaccination, which is a
common practice against bacterial and viral diseases in salmonid culture (Asche and Bjørndal,
2010) and other species of fish culture species (Gudding & Van Muiswinkel, 2013). In theory,
there is high potential for controlling ESC through vaccination, since E. ictaluri is a genetically
homogenous and fish that survive infection develop a strong protective immune response
(Shoemaker & Klesius 1997; Wise et al., 2000). Until recently, attempts at vaccinating fish
against ESC has been unsuccessful. Initially, bacterin type vaccines were developed and applied
as an immersion bath to fry during transfer from the hatchery to the fingerling rearing pond
(Saeed & Plumb, 1986; Plumb &Vinitanantharat, 1993; Plumb et al., 1994; Thune et al., 1994).
These early attempts at immunizing fish against E. ictaluri infection were unsuccessful and it
was later concluded killed vaccines were not effective in stimulating cell-mediated immune
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response necessary to protect fish against facultative-intracellular pathogens such as E. ictaluri
(Thune et al., 1997).
1.4

Live Attenuated Vaccines
Live attenuated vaccines are capable of stimulating robust humoral and cell-mediated

immune responses that typically result in long last protective immune responses and are effective
against intracellular pathogens (Seder & Hill, 2000; Clark & Cassidy-Hanley, 2005).
Subsequent attempts at vaccinating catfish against ESC focused on the use of live attenuated
vaccines developed through natural selection (Schurig et al., 1991; Klesius & Shoemaker, 1999)
or targeted gene deletion to reduce virulence mechanisms (Lawrence et al., 1997; Thune et al.,
1999, Klesius & Shoemaker, 1999; Shoemaker et al., 1999; Pridgeon & Klesius, 2011). A live
attenuated E. ictaluri isolate was used to develop a commercially available ESC vaccine
marketed under the trade name AQUAVAC-ESC. While the vaccine showed promise under
laboratory conditions (Klesius & Shoemaker, 1999; Shoemaker et al., 1999; Wise et al., 2001) it
failed to gain industry acceptance resulting from a lack of recognized efficacy and poor
economic returns (Bebak & Wagner, 2012).
Poor vaccine efficacies associated with previous attempts to immunize fish with live
attenuated vaccines is attributed to delivery methodologies and not from poor vaccine potency.
To conform to current industry practices, vaccines are delivered as an immersion bath to catfish
fry as they are transferred from the hatchery to the fingerling rearing pond. Vaccine delivery at
this stage in production is the most opportune and economical point for mass vaccination and
ensures equal vaccine exposure. Unfortunately, catfish fry are immunologically underdeveloped
and lack the necessary humoral and cellular immune systems to generate an acquired immune
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response that provides lasting protection from infection (Petrie-Hanson & Ainsworth 1999;
2001).
1.5

ESC Vaccine Limitations
The main limitation regarding vaccine development is not the lack of effective vaccines

but rather the inability to mass deliver vaccines to older immunocompetent fish past the hatchery
stage of development. To circumvent the limitation, a live attenuated E. ictaluri isolate was
developed and evaluated as a potential oral vaccine. The wild-type isolate was obtained from a
diseased channel catfish and attenuated by successive passage on agar plates containing
increasing concentrations of Rifamycin SV (Wise et al., 2015). The attenuated culture was
mixed with feed at an inclusion ratio of 220.5 ml of dilute vaccine per kg of feed to deliver a
target dose of 1x10+7 viable vaccines/gram wet feed. The vaccine feed mixture was delivered to
fish by hand in laboratory and small scale experimental ponds trials and demonstrated the
vaccination process was highly effective in protecting fish against E. ictaluri infection (Wise et
al., 2015). Further work led to the development of fermentation and processing protocols for
small scale vaccine production (Greenway et al., 2017).
Although the vaccination platform was highly effective in protecting fish against ESC,
the process had little practical application or chance to garner industry adoption without a
mechanized method or system preparing the vaccine/feed mixture at the point of feed delivery.
In addition, the system needed to precisely administer the vaccine across a range of feed rates,
allowing for adjustment to match the output to the consumption rate of the feeding fish. The
system needed to be automated for ease-of-use and to lessen the probability for user error that
could result in improper vaccine administration and decrease the vaccine’s efficacy. Integration
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into the current industry infrastructure and user-friendliness were also considerations for its
development.

The purposes of the resulting research were to:
1. Develop a system to accurately administer the ESC vaccine to immunocompetent
catfish fingerlings in vivo, meeting the prescribed performance criteria for the
system.
2. Calibrate the system to deliver the ESC vaccine to the feed stream accurately
across varied feeding rates.
3. Quantify the distribution of the vaccine to determine the uniformity of coverage
within the feed stream.
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CHAPTER II
DEVELOPMENT OF A SYSTEM TO DELIVER A LIVE-ATTENUATED ESC VACCINE
TO CATFISH FINGERLINGS IN COMMERCIAL CATFISH PRODUCTION SYSTEMS
2.1

Introduction
The catfish aquaculture industry represents the largest cultured food fish industry in the

United States, with approximately $375 million in sales annually. Alabama, Arkansas,
Mississippi and Texas constitute 96% of the total U.S. catfish production. Mississippi represents
the largest sector of the industry with approximately 40,000 acres in catfish production. Despite
the success of the catfish industry and the world-wide demand for seafood, the domestic catfish
industry has experienced a contraction over the past 10 years with an estimated 59% decrease in
farm acreage resulting from increasing production costs and competition from foreign imports
driving down whole fish sale prices and reduced profit margins (Hanson, 2019). Collectively
these factors have magnified the impact of infectious diseases and threaten the economic
viability of domestic catfish production.
The most prevalent and costly bacterial disease affecting catfish culture is enteric
septicemia of catfish (ESC) which is estimated to cost the industry between 40-60 million dollars
annually in direct and indirect losses (Shoemaker et al., 2009) Aside from direct losses, the
disease is associated with decreased growth and production efficiency, resulting from feed
restriction to reduce infection severity, increased feed conversion, disease induced anorexia, and
increased costs associated medicated feed administration (Wise et al., 2004, Kumar et al., 2019).
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In efforts to develop more effective disease control measures a live attenuated oral ESC vaccine
was developed and shown effective in laboratory and small scale experimental pond trials.
Vaccine was mixed with feed at an inclusion rate of 45.36 ml vaccine per kg of fish feed
(100ml/lb) and delivered to fish by hand resulting in significant improvements in survival, FCR,
growth and overall yield. While this method of delivery was validated by this work, the concept
had little practical industry value without a mechanized system of mixing and administering the
vaccine feed mixture at the prescribed rate. For industry adoption the vaccine/feed mixture
needed to be prepared simultaneously as the feed was being delivered fish to ensure viability of
the live vaccine.
2.2

Oral ESC Vaccine Delivery System Development
The basic premise in system design was the development of a mechanized method of

applying vaccinate to feed that operated with similar characteristics as current feeders utilized in
commercial catfish production. Standard commercial feeders accept pelleted catfish feed into an
onboard hopper from overhead feed storage bins for transport to catfish ponds and feed delivery
to ponds through pneumatic conveyance. Most all feeders are equipped with load cell scales to
display bulk feed weight and record feed delivered to each ponds. Feeder configurations vary
from towable units (figure 2.1) driven by tractor powered take-off shafts to self-contained units
mounted on truck platforms (figure 2.2) utilizing small gasoline engines that operate a belt
driven pneumatic conveyor fan to propel the pelleted catfish feed into the pond for consumption.
Each of these arrangements are fitted to meet production system requirements that varying
among catfish operations. However, the basic principle of operation of feeders in commercial
catfish production is consistent across the entirety.
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Figure 2.1

Illustration of a towable, PTO-powered commercial catfish feeder.

Figure 2.2

Illustration of a truck-mounted, self contained commercial catfish feeder.

Commercial catfish feeder embodiments prevent precise metering and uniform
application of liquid material at the point of feed delivery. For this study, methods of
conveyance were evaluated to identify the component or components that would facilitate this
operation that would meet the needs for the vaccine delivery system.
17

2.2.1

Conveyance and Mixing Mechanism Selection Discussion
There are several approaches to top-coating feed with liquid material ranging from

continuous stream to batch application systems. System design must satisfy three primary
requirements: 1) the system must ensure equal vaccine distribution during feed delivery, 2) there
must be adequate vaccine feed retention time to ensure absorption of the vaccine solution into
the feed, 3) the system must operate at variable speeds and is self-adjusting as feed delivery rates
change in response to fish feeding activity.
Pneumatic conveyors utilize a high-velocity air stream in an enclosed tube or other
structure to move and mix material. Particles in the air stream are disbursed randomly and
introduction of the vaccine solution into this environment would not ensure equal feed coating.
Short feed retention time in the discharge chute, characteristic of pneumatic conveyors, would
prevent adequate vaccine absorption into feed, preventing delivery of an adequate immunizing
dose. As such, pneumatic conveyor system will not meet the system requirement needs of the
delivery system.
Bucket conveyors utilize scoops or paddles attached to chains or belts to gather large
volumes of material and move it in groups or units. Since the material is grouped in descrete
units, continuous flow is not maintained and surges in concentration of material become
problematic. Belt conveyors utilize a continuous belt or other moving surface to move materials
along at a uniform rate. They have linear flow characteristics and throughput can be adjusted by
regulating speed and/or the inlet opening supplying material to it, making it easy to regulate
vaccine solution application. Similarly, the belt conveyor lacks the ability to effectively mix and
blend the vaccine solution with feed making batch application unfeasible.
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In contrast, Screw conveyors have a continuous and a near-linear throughput that can be
controlled easily by adjusting speed and/or the inlet opening supplying it. Additionally, the axial
movement of the screw coupled with the frictional forces acting on the pelleted feed material
utilized for our application result in particle movement that blend and mix. The continuous flow
and throughput of the screw conveyor is easily regulated, allowing for the precise control of the
vaccine solution application into the feed stream within it. As illustrated in figure 2.3, paddles
can be installed along the central axis of the screw conveyor to enhance the mixing and blending
action that occurs during conveyance.

Figure 2.3

Illustration of screw conveyor with paddles installed along the central axis to aid in
mixing of feed particles.
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2.2.2

Screw Conveyor Discussion
Since the invention of the Archimedes screw over 2000 years ago as a method to lift

water, the screw conveyor has become one of the most utilized pieces of equipment when
dealing with moving flowable solids and semi-solids in material handling systems such as
moving feed and feed products, fertilizers, animal wastes, grains, and other materials
(Burkhardt,1967; Chang & Steele,1997; Peart et al., 1967). Screw systems lend themselves to
these systems due in part to their compactness and ease of integration into a variety of
applications for moving materials, their simplistic nature in construction that allows for it to be
tailored to specific applications and easily maintained, and in their lower initial costs over other
methods of conveyance (Ross et al., 1981).
Conveyance of material when discussing a screw conveyor can be divided into three
interdependent stages: intake, transport, and discharge. However, the conditions at intake at the
inlet have the greatest influence over performance and throughput of the screw conveyor (Chang
& Steele,1997; O'Callaghan,1962; Rehkugler,1967; White,1962). Studies conducted on the
influence of the inlet geometry demonstrate power requirements and throughputs increase as the
length of the exposed screw in the intake increases (O'Callaghan & Fallon,1961; Rehkugler &
Boyd,1962; Ross & Isaacs,1961).
Screw speed, as analyzed by White et al. (1962) was also shown to influence capacity up
to a limiting point, demonstrating that as the speed of the screw conveyor increased, throughput
also increased. Manipulating screw speed and inlet geometry to achieve maximum capacity is
the best method for optimizing the performance of the screw conveyor. O’Callaghan (1962)
discerned that the best method to achieve efficiency in vertical conveyors was to adjust for the
desired throughput at the lowest possible speed by increasing the intake length. White et al.
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(1962) observed a large increase in throughput of a vertical screw conveyor when he installed
double flighting in the inlet section of the screw.
Transportation of material through the screw conveyor is influenced by the pitch and
diameter of the screw, the shaft diameter, and the clearance between the screw and the trough or
tube (Rehkugler,1967). Brussewitz and Persson (1969) describe the throughput of a screw
conveyor as being a linear function of pitch. Additionally, near linearity was also observed in
throughput as rotational speed of the screw conveyor was increased. Nicolai et al. (2004)
observed in 20 cm (8 in) and 25 cm (10 in) screw conveyors that volumetric efficiency of the
system decreased an average of 3% per 100 revolutions per minute increase in speed above 200
rpm, but the throughput remained constant.
Volumetric efficiency was also observed in screw conveyors with clearances between the
screw and surrounding trough or tube between 5 and 7 percent, and larger clearances resulted in
decreased efficiencies of approximately 0.7 percent for each 1 percent increase in clearance.
External factors such as the particle size and moisture content of the material would also have
effects on these efficiencies. Deviations in throughputs of horizontal screw conveyors were
shown to be at or near zero in relation to the predicted throughputs (Brusewitz & Persson,1969;
Burkhardt,1967; Degirmencioglu & Srivastava,1996).
Mixing and blending of materials within the screw conveyor is another property of the
conveyance process that favorably lends itself to this application. In a three-dimensional
simulation of material flow within a screw conveyor, simulations performed by Shimizu and
Cundall (2001) utilizing the distinct element method (DEM) demonstrated the movement of
particles within a screw conveyor. Results from this simulation indicated that in addition to axial
forward movement, friction between material particles and the screw conveyor cause the
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material to blend and move in all three axis directions, resulting in homogenization of particles in
the discharge flow. Similar results were found in a study by Hu et al. (2010), where material
particles modeled behaved in the same manner, again resulting in a homogenous blend of
material and consistent throughput.
Classical screw conveyor design theory utilizes the dimensional properties of the
conveyor to determine a maximum theoretical flow. Through it we can quantify the maximum
performance that is possible for the machine and design other parameters of the system around it
to suit our needs. This mechanistic model consists of physical attributes of the screw conveyor
such as the flighting diameter, internal shaft diameter, the distance or length between flightings
referred to as pitch, and the rotational speed of the screw conveyor. Each of these parameters
have an effect on the capacity of the screw conveyor and changes in any of them will be realized
in the throughput of the machine.
The flighting diameter is the term that describes the dimension of the screw that moves
material in the tube or trough. It is the maximum dimension across the face of the flighting and
is perpendicular to the flow of material. The diameter is relational trough or tube size and are
typically sized together based on the particle size of the material, setting the clearance between
the flighting and the trough or tube.
The internal shaft diameter is the measure of the central axis that the flighting is attached
to. It is the backbone of the flighting and is usually the component that is attached to the drive
mechanism that propels the flighting around it to drive the material in along the length of the
screw conveyor. Subtracting the internal shaft diameter from the flighting diameter produces the
total cross-sectional area that theoretically can propel material.
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The pitch of the screw conveyor is distance from one flighting to the next at a given point
along the internal shaft. This measurement describes the physical distance between the flighting.
With this dimension, the volume of the area between flightings can be determined, and is a
necessary component of determining capacity of the screw conveyor.
The rotational speed of the screw conveyor describes the number of 360° revolutions it
makes per unit of time. With this information along with the volumetric capacity between
flightings, the theoretical throughput or volumetric capacity of the screw conveyor can be
determined (Nicolai et al., 2004; Srivastava et al., 2006) and can be calculated with equation 2.1.
𝜋

2
2
𝑄𝑡 = 4 (𝑑𝑠𝑓
− 𝑑𝑠𝑠
)𝑙𝑝 𝑛

(2.1)

Where:
Qt = Theoretical volumetric capacity, m3/s
dsf = Screw flighting diameter, m
dss = Screw shaft diameter, m
lp = Pitch length, m
N = Screw rotational speed, rev/s
The relationship of the parameters of the screw conveyor affect feed rate due to changes
in the volumetric capacity. Pitch length and the relationship of flighting and shaft diameter
determine volumetric area contained between the flighting as it relates to a 360 ° revolution of
the screw. As the area between the flightings increases, so does the theoretical feed rate and vice
versa for a decrease. Screw conveyor rotational speed (RPM) has a direct effect on capacity as
well. As speed increases, more volumetric area of feed is propelled forward toward the
discharge, as described in figure 2.4.
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Relationship of Screw Conveyor Parameters as a
Function of Feed Rate per Revolution
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Relationship of screw conveyor parameters as a function of theoretical feed rate
per revolution.

Oral ESC Vaccine Delivery System Design
The Oral ESC Vaccine Delivery System’s basis of design incorporates the components of

commercially available catfish feeders currently utilized within the catfish industry and consists
of a feed bin or hopper for transport and storage of the pelleted catfish diet and a pneumatic
discharge tube connected to a fan or blower, creating a high-velocity airstream that propels and
disburses the feed from the feed bin into the catfish pond. This basic design has served the
industry for many years and has remained virtually unchanged since its adoption.
2.3.1

Platform and Feed Bin Design
A 2.46 x 4.29 m (8.083 x 14.083 ft) platform serves as the base and supporting structure

for the various components of the system. Its’ framework is constructed out of 12.7 cm (5 in)
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steel structural channel welded together to form the perimeter of the platform. Additional 12.7
cm (5 in) steel structural channel is attached at 0.6096 m (24 in) centers within the platform’s
perimeter and serve as braces that provide additional structural integrity. 6.35 mm (.25 in) steel
sheeting is affixed to the top of the framework and provides a solid surface to mount each of the
components. This design allows for the integration of the several components into a single
system that can be moved as a unit. This allows for system portability and incorporates into
commercial catfish production systems easily. In this configuration, the system can be placed on
the rear of a truck or a towed trailer for use and easily removed for storage or maintenance when
not in use.
The feed bin utilized on the Oral ESC Vaccine Delivery System is a 2.13 x 2.44 m (7 x 8
ft) rectangular bin capable of holding approximately 1815 kg (4000 lb) of pelleted catfish feed.
It utilizes a sloped-floor design that directs the contained feed toward a 17.78 cm (7 in) square
discharge outlet positioned in the center of the bin floor. An adjustable slide gate connected to a
linear actuator (Warner Linear 027-0188-115-03, Belvedere, IL) in the discharge outlet controls
and regulates the flow of feed material out of the bin. As illustrated in figures 2.5 and 2.6,
supporting legs at each of the four corners are positioned on load cells (Avery Weigh-Tronix
48479-0035, Farimont, MN), allowing for active monitoring of the weight of the bin’s contents.
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Figure 2.5

Feed bin supporting structure with legs attached to load cells to monitor the weight
of the contents.
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Figure 2.6

2.3.2

Attachment point of the feed bin to load cell.

Pneumatic Conveyance System
A 35.56 cm (14 in) centrifugal fan (Americraft HADP14-5, Americraft Manufacturing

Company, Inc., Cincinnati, OH) produces an air stream with a velocity of 2120 m3/s (1875 ft3/s)
is connected to the inlet of the 15.24 cm (6 in) ducting that serves as the pneumatic conveyor for
the system (figure 2.7). A venturi eductor transition serves as the connection point between the
screw conveyor discharge and the pneumatic conveyor system, creating a venturi effect that
draws the feed pellets into the air stream, propelling them into the pond. The venturi eductor
serves to prevent blowback through the 17.78 x 25.4 cm (7 x 10 in) inlet into the screw conveyor
that would otherwise prevent the feed from being accepted into the air stream The outlet end of
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the discharge has an adjustable transition, allowing for the adjustment in direction of discharge
of the feed stream and aids in the disbursal of the pelleted fed into the pond as it exits.

Figure 2.7

2.3.3

Americraft HADP 14-5 centrifugal fan attached to the pneumatic conveyance
ductwork and venturi transition.

Screw Conveyor
The design parameters for the screw conveyor in the Oral ESC Vaccine Delivery System

included conveying and mixing a 432.5 kg/m³ (27 lb/ft3) pelleted catfish fingerling diet at 3.4
m³/hr (120 ft3/hr) at 45 revolutions per minute at a 13% fill. A 25.4 cm (10 in) stainless steel
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screw conveyor (Screw Conveyor Corporation, Hammond, IN) 3.048 m (10 ft) in length
connects the feed bin discharge to the transition inlet, providing a pathway for the pelleted feed
to enter the screw conveyor and be conveyed in the system (figure 2.8). The 24.98 cm (9.833 ft)
screw features a 3.81 cm (1.5 ft) 2.25 pitch flighting and can be choke-loaded through the 17.78
cm (7 in) square inlet opening connected to the feed bin. The remainder of the screw is full pitch
and is 23.8125 cm (9.375 in) in diameter. Paddles are incrementally installed at 120° intervals
between each pitch. The paddles are adjustable to allow their angle of attack into the feed
column and facilitate mixing in addition to conveyance.

Figure 2.8

2.3.4

Mechanical illustration of screw conveyor specifications for the Oral ESC Vaccine
Delivery System.

Vaccine Application
The vaccine application portion of the Oral ESC Vaccine Delivery System consists of a

vaccine solution reservoir, a centrifugal pump, a throttling valve, a magnetic-inductive flow
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meter, and a wet-boom with turret-style nozzle bodies, attached spray tips, and pulse-width
modulated (PWM) flow control solenoids. These components were incorporated into the overall
layout of the system and, along with connecting tubing, serve to meter and distribute the vaccine
solution onto the feed stream within the screw conveyor.
A 568 liter (150 gallon) cone-bottom tank (Ace Roto-Mold CB0150-36, Den Hartog
Industries, Hospers, IA) and supporting stand (Ace Roto-Mold CB036-45ST, Den Hartog
Industries, Hospers, IA) serve as the vaccine solution reservoir and is connected to a centrifugal
pump (ACE Pumps ACH-55, ACE Pump Corporation, Memphis, TN) supplying a 435.3 liter per
minute (15 gpm) flow at 193 kpa (28 psi) to the vaccine solution delivery system (figure 2.9).
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Figure 2.9

Ace Roto-Mold cone-bottom tank, supporting stand, and connecting tubing for
vaccine solution storage and mixing.

The pressurized vaccine solution passes through a magnetic-inductive flow meter
(ProSense FMM50-1002, AutomationDirect, Cumming, GA) (figure 2.10) and into a 2.54 cm (1
in) diameter PVC wet boom positioned above the screw conveyor along its central axis. Eight
turret-style nozzle bodies (TeeJet Technologies QJ363C-1-NYB, Spraying Systems Co.,
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Wheaton, IL) evenly positioned along the wet boom direct the vaccine solution flow through a
spray tip (TeeJet Technologies TP8003EVS, Spraying Systems Co., Wheaton, IL) affixed to
each nozzle body, distributing the flow across the feed flowing within the screw conveyor.

Figure 2.10

ProSense FMM50-1002 magneic-inductive flow meter for monitoring vaccine
solution flow.

Pulse-width modulated (PWM) flow control solenoids (CapstanAG 116390-111, Capstan
AG Systems, Topeka, KS) attached to the turret-style nozzle bodies control the output flow of
each nozzle by varying the frequency and duration of each ON cycle for the nozzle (figure 2.11).
As the demand for flow increases, the frequency and duration of each pulse increase from 0100% duty cycle. This method of flow control allows for the selection of a single nozzle size
that matches the maximum required flow for the system with a pressure that maintains spray
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pattern uniformity. Adjustment to the flow rate does not affect coverage area or droplet size of
the spray pattern.

Figure 2.11

Capstan AG pulse-width modulated flow control solenoid attached to turret-style
nozzle body for vaccine solution delivery.

Vaccine solution flow within the system is returned to the vaccine solution reservoir
through the use of a throttling valve (TeeJet Technologies 23520-3/4-PP, Spraying Systems Co.,
Wheaton, IL) connected in parallel with the wet boom supply tubing. As vaccine solution flow
increases or decrease, the throttling valve diverts a portion of the flow from the pump to the
reservoir. The throttling valve also sets the minimum recirculation flow to the vaccine solution
reservoir to provide solution agitation that aids in maintaining vaccine solution suspension.
The Oral ESC Vaccine Delivery System is powered with a three-phase generator (Miller
Bobcat 3 Phase, Miller Electric Manufacturing Co., Appleton, WI), supplying 120VAC single
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phase and 480VAC three-phase power to run the electric motors driving the system’s mechanical
components (figure 2.12). Variable-frequency drives (VFD) are used to control the operational
outputs of the system’s mechanical components and are installed in series between the supplied
power and the motor driving each system (figure 2.13). The VFD’s control the operational speed
of the motor for each mechanical component of the system by varying the frequency of the
voltage supplied to the motor. By adjusting the time of the peak-to-peak cycles, the motor speed
can be increased or decreased to influence the output of the mechanical system connected to it.
This method is used to control the feed rate of the screw conveyor, the air velocity of the
centrifugal fan connected to the pneumatic conveyor system, and the centrifugal pump’s
discharge pressure.
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Figure 2.12

Miller Bobcat 3 Phase generator for supplying power to the Oral ESC Vaccine
Delivery System’s electrical components.
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Figure 2.13

Variable-frequency drives controlling operational speed of the electric motors for
the centrifugal fan, screw conveyor, and vaccine system centrifugal pump.

A programmable automation controller (PAC) (AutomationDirect Productivity 2000,
AutomationDirect, Cumming, GA) is used to unite control of the individual mechanical
components into a single system (figure 2.14). The PAC utilizes the information received from
the input signals and applies the user-programmed logic to control the output of the system. The
PAC constantly monitors the inputs and adjusts the system for optimum performance.
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Figure 2.14

AutomationDirect Productivity 2000 programmable automation controller (PAC).

A graphical user interface is incorporated in the system, allowing for the selection and
control of the operating parameters of the system such as feed rate. In addition, this humanmachine interface (HMI) (C-More EA9-10CL, AutomationDirect, Cumming GA) provides the
user with access to real-time system performance data and the ability to change and control the
system at the push of a button (figure 2.15). The HMI is field-programmable, allowing for
changes and upgrades to the user interface as needed.
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Figure 2.15

HMI for the operation and control of the Oral ESC Vaccine Delivery System.

An onboard wireless Ethernet network allows for control, monitoring, and programming
of the system without having to physically connect to cables from a computer or mobile device
for such operations (figure 2.16). This flexibility in design allows for remote monitoring,
troubleshooting, and programming and frees the operator to move about as needed to more
effectively operate the system from an optimum vantage point that best suits conditions while
maintain complete control over the system.
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Figure 2.16

2.4

TP-Link wireless Ethernet adapter for remote access to the system for
programming and remote monitoring.

Oral ESC Vaccine Delivery System Performance Evaluation
Performance characteristics of the screw conveyor utilized in the Oral ESC Vaccine

Delivery System can be expressed as a function of the pelleted catfish feed discharged from the
screw conveyor over a period of time at a rotational speed. In terms of the system, these
variables are expressed as feed rate kg/min (lb/min) and rotational speed (RPM). With these
data, a mathematical model can be constructed that expresses the performance of the screw
conveyor.
The RPM of the screw conveyor is regulated by the variable-frequency drive that
commands the electrical motor connected through belts and pulleys to a gearbox coupled to the
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internal shaft of the screw conveyor. As the frequency of the VFD increases, the RPM’s of the
shaft increases, propelling the pelleted catfish feed more rapidly toward the discharge.
2.5

VFD Frequency and RPM Correlation
To determine the correlation between VFD frequency and RPM, six VFD frequency set

points (10, 20, 30, 40, 50, and 60 hertz) were randomized and at each of the set points, five RPM
data points were collected using a hand-held tachometer (Omega HHT13, Omega Engineering,
Inc., Norwalk, CT) (figure 2.17). The data from the relationship between the VFD frequency
and the RPM of the screw conveyor was analyzed with SAS 9.4 (SAS 9.4, SAS Institute, Inc.,
Cary, NC) using the Regression Procedure. The resulting regression (equation 2.2) was created
to describe RPM as a function of VFD hertz setting.
RPM = (HZ * .99151) + .13696
Where:
RPM = rotational speed of screw conveyor
HZ = frequency setting of VFD
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(2.2)

Figure 2.17

Omega HHT13 handheld tachometer for determining screw conveyor RPM.

Values calculated from this regression for were compared with the VFD hertz settings
utilizing the TTEST procedure in SAS 9.4 (SAS Institute, Inc., Cary, NC). At the 95%
confidence level, the calculated values for RPM were not statistically significantly different than
the hertz setting on the VFD (figure 2.18). Therefore, the hertz setting can accurately be a
predictor of RPM and can be utilized to set the rotational speed (RPM) of the screw conveyor.
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Comparison of Calculated vs. Actual RPM of
Screw Conveyor
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Figure 2.18

Calculated RPM

Relationship of VFD frequency (hertz) to RPM of the screw conveyor.

Relationship of VFD frequency (hertz) to RPM of the screw conveyor.

With hertz established as the predictor of RPM, feed rate in pounds per minute could be
determined as a function of VFD hertz setting. From the design criteria of the screw conveyor, a
predictive model was created establishing theoretical feed rate based on the hertz setting of the
VFD.
2.6

Screw Conveyor As-Built Evaluation
As-built specifications stated on the build sheet from Screw Conveyor Corporation are

that the screw conveyor delivers 3.4 m³/hr (120 ft³/hr) of feed at 45 RPM at 13% of total
volumetric capacity, translating into 0.034 m³ (1.2 ft³) of feed per revolution of the screw
conveyor. A dimensional analysis of the screw conveyor utilizing specifications from the build
sheet in the classical screw conveyor volumetric capacity equation (2.3) revealed that the actual
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theoretical volumetric capacity was 0.032 m³ (1.122 ft³) per minute and, thus, the build sheet
slightly overestimated the theoretical capacity (figure 2.19).
π

Qt = 4 (d2sf − d2ss )lp n

(2.3)

Where:
Qt = Theoretical volumetric capacity, m3/s
dsf = Screw flighting diameter, m
dss = Screw shaft diameter, m
lp = Pitch length, m
n = Screw rotational speed, rev/s

Screw Conveyor Theoretical Capacity
(build sheet vs. calculated)
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Calculated Theoretical Capacity (kg/min) at 13% Fi...

Figure 2.19

Comparison of screw conveyor theoretical capacity.

Build sheet specifications versus calculated
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60

Table 2.1

Calculated screw conveyor capacities as a function of RPM data.

REVOLUTIONS PER
MINUTE

BUILD SHEET
THEORETICAL
CAPACITY (KG/MIN) AT
13% FILL

10
5.442
15
8.163
20
10.884
25
13.605
30
16.327
35
19.048
40
21.769
45
24.490
50
27.211
55
29.932
60
32.653
*Build sheet specifications versus calculated values.
2.7

CALCULATED
THEORETICAL
CAPACITY (KG/MIN) AT
13% FILL
5.088
7.632
10.176
12.720
15.263
17.807
20.351
22.895
25.439
27.983
30.527

Screw Conveyor Feed Flow Evaluation
Literature describing screw conveyor performance indicates that extraneous forces not

included in theoretical calculations will affect actual performance and can increase or decrease
the actual flow. Therefore, experimental testing to quantify the actual flow characteristics of the
screw conveyor utilizing pelleted catfish feed were necessary. Fish Belt Feeds, Inc. (Moorhead,
MS) mini-pellet pelleted catfish fingerling diet was chosen for the study. The commercially
available pelleted feed is utilized as a diet for Mississippi catfish fingerling producers. The
pelleted feed has an average diameter of 2.656 mm (0.10455 in) and mass of 0.018032 g
(0.000636 oz) (figure 2.20).
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Figure 2.20

Fish Belt Feeds, Inc. mini-pellet pelleted catfish feed.

Utilizing the randomized complete block statistical experimental design, experimental
testing was conducted to determine the actual dry feed rate of the screw conveyor. The
experiment was blocked by replication with the hertz setting, determined to be representative of
RPM, as the independent variable and the screw conveyor discharge sample weight as the
dependent variable. Within each replication, the RPM’s (10, 20, 30, 40, 50, and 60) were
randomized and five, thirty-second samples were collected and weighed. The resulting weights
were then doubled to obtain a feed rate in kg/min for each of the settings.
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2.7.1

Experimental Procedure
The experimental procedure involved the removal of the pneumatic conveyor discharge

transition normally affixed to the screw conveyor at the output. A pre-weighed, removable
collection vessel replaced the discharge transition and served as the means to capture and
transport the samples to a balance for weighing and the recording of the weights.
The bin discharge slide gate was fully opened, allowing the Fish Belt mini pellet
contained within the bin to discharge into the screw conveyor inlet and flow uninhibited as
directed by the conveyor. The VFD controlling the screw conveyor was set at the first randomly
selected RPM setting for the experiment and run for a one-minute period to allow for the pelleted
feed flow to normalize at that rate within the conveyor. The five thirty second samples were
collected individually, weighed, and the weights of each recorded. The VFD was adjusted to the
next RPM setting and, again, run for the two thirty second periods before continuing the
procedure for sample collection. This procedure was continued for each of the six randomized
RPM settings for the block. The same procedure was followed for each of the five replications,
randomizing the RPM settings for each.
2.7.2

Statistical Analysis
Data collected were analyzed utilizing SAS 9.4 (SAS Institute, Inc., Cary, NC) utilizing

the ANOVA procedure. The resultant feed rate distribution plot revealed a number of outliers at
the 10 and 60 RPM setting. Further analysis using the REGRESSION procedure produced a fit
plot, where outliers were observed to be outside the 95% confidence interval range. An ANOVA
performed on the 60 RPM setting data revealed that the first day’s collected data was statistically
significantly different than the other four data sets. Therefore, the Day One data set was
removed and a second REGRESSION procedure performed on the remaining data sets.
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The REGRESSION procedure was utilized to create a performance model of the actual
feed rate of the screw conveyor as a function of RPM. From the model, actual feed rate can be
calculated utilizing equation 2.4.
FR = 1.57063 * RPM + 6.118

(2.4)

Where:
FR = screw conveyor output (kg/min)
RPM = revolutions of the screw conveyor per minute
A comparison of the calculated theoretical versus actual feed rate of the screw conveyor
revealed that the calculated model underestimated screw conveyor performance across the entire
range of operation when utilizing dry feed (figure 2.21). At the 10 RPM setting, theoretical
capacity was predicted to be 5.09 kg/min (11.22 lb/min); however, from the data, it was observed
to be 13.01 kg/min (28.68 lb/min). At the top of the range, the 60 hertz setting was predicted to
be 30.53 kg/min (67.31 lb/min), but the actual was 48.79 kg/min (107.56 lb/min).
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Screw Conveyor Theoretical vs. Actual Feed Rate
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Figure 2.21

Calculated Volumetric Capacity (kg/min)

Screw conveyor theoretical feed rate versus actual feed rate comparison (with
actual capacity zero intercept regression for comparison).

*Actual capacity zero intercept regression included for comparison

The calculated feed rate regression contains a Y-intercept term of 6.118, corresponding to
a predicted 6.118 kg/min (13.488 lb/min) feed rate at zero RPM. This indicates that between
zero and 10 RPM, the calculated regression may not accurately predict feed rate. However,
when performing vaccinations, the Oral ESC Vaccine Delivery System will only operate at feed
rates that correspond with RPM settings above 10 RPM. Therefore, the need to analyze the
regression between the 0 and 10 RPM settings is unnecessary and the regressed model created
for dry feed rate is adequate to predict the normal operational feed rates of the system.
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2.7.3

Discussion
These differences in the theoretical versus actual feed rate could be attributed to a number

of factors. The first is that the intake could be allowing more feed into the screw conveyor than
it was designed to. This could be attributed to the relatively small particle size and their ability
to pack tightly, filling voids more densely than larger particles. Secondly, the trough of the
screw conveyor could be filling to a level greater than the 13% as designed. This factor may be
attributed to a greater coefficient of friction between the particles and their ability to flow as a
more uniform column of feed.
Another factor that may contribute to the increase in feed rate could also be due to the
addition of paddles installed between the flighting to aid in the mixing and blending of the
pelleted feed with the included vaccine solution. In dry feed conditions, these paddles could be
aiding in propelling additional feed along the screw conveyor axis, resulting in the increase. A
repeated the experiment with the paddles removed from the screw conveyor could determine if
this is, in fact, the case.
2.8

Conclusions
A system was developed to include a screw conveyor and a liquid delivery system to

facilitate oral ESC vaccine deposition into the feeding stream for the vaccination of catfish
fingerlings. Additionally, a control system was developed that coordinates the vaccine and feed
delivery at user-selected rates within the system. The system was evaluated for performance to
determine the feed flow characteristics of the screw conveyor. The following conclusions were
determined from the evaluations.


The frequency set point (Hz) of the screw conveyor VFD is linearly correlated to
the rotational speed (RPM) of the screw conveyor.
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Feed flow characteristics of the screw conveyor are linear across the operational
range of 10-60 RPM.



The theoretical feed rate of the screw conveyor calculated from build
specifications underestimates the actual feed rate by an average of 55% across the
operational range of the screw conveyor.



In feed with no liquid applied, the actual feed rate has a range of 13.15-48.99
kg/min (29-108 lb/min) and can be described with a single linear regression.



Further research is needed to evaluate the performance of the system with the
vaccine solution applied to develop a model that coordinates the vaccine solution
with the actual feed rate.
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CHAPTER III
DEVELOPMENT OF A MODEL TO COORDIANTE VACCINE SOLUTION APPLICATION
ACROSS FEED RATES FOR THE ORAL ESC VACCINATION SYSTEM
3.1

Introduction
Enteric septicemia of catfish (ESC) is the most costly bacterial disease affecting channel

catfish and is most problematic in the fingerling phase of production. Control is predominantly
limited to feed restriction which slows the spread of infection and is considered a crude
preventative measure or application of medicated feeds which treats infected fish. Both
approaches can be effective if implemented in timely fashion but have adverse economic effects.
Feed restriction reduces the oral route of infection but must be implemented prior to an outbreaks
which can reduce the number of feeding days by as much as 20% in what is already a limited
growing season. Medicated feed is used to treat infected fish but must be administered during
the early epizootic stages prior to the on-set of disease induced anorexia. Reliance on medicated
feed in aquaculture has also generated serious concerns from the public health sector due to the
development of antibiotic resistance (Cabello, 2006). In light of these limitations there is
considerable interest in developing vaccines to prevent infections in cultured species of fish
(Gudding et al., 1999; 2010; Kumar & Engle, 2016).
In efforts to develop an effective vaccination platform to control losses associated with
ESC, a live attenuated ESC vaccine has been developed along with an alpha prototype deliver
systems that mixes vaccine with feed at the point of feed delivery for oral consumption. The
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concept has been validated in laboratory and experimental and commercial field trials
demonstrating marked improvements in production efficiency (Wise et al., 2015; Wise et al.,
2019, in press). However, the initial prototype was limited by vaccine feed distribution rate and
payload. In addition, delays in the response time in vaccine application rate changes in response
to changing feed rates made accurate vaccination operations problematic.
In response to these initial design limitations, a Beta prototype delivery system was
developed incorporating a larger screw conveyor with paddles to facilitate mixing, a centrifugal
pump and pulse-width modulated spray nozzles for rapid and accurate rate changes, a humanmachine interface to simplify user control, and a programmable automation controller to
combine the various system components into a unified, coordinated control that could be adapted
to meet future needs of the system. Research and development described herein address model
development to coordinate vaccine solution application across variable feed rates based on wet
feed weight calibrations.
3.2

Oral ESC Vaccine Delivery System
The Oral ESC Vaccine Delivery System incorporates the basic design of current

commercial catfish feeders, adding a screw conveyor and a pulse-width modulated (PWM) spray
control system that meters and delivers the vaccine to flowing feed within the conveyor as
described in Chapter II of this study. The system couples the feed rate of the screw conveyor
with vaccine application to maintain consistent vaccine dosage across the range of operation of
the system.
Screw conveyors have a continuous and a near-linear throughput that can be controlled
easily by adjusting rotational speed. Additionally, the axial movement of the screw coupled with
the frictional forces acting on the feed pellet utilized in this application results in particle
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movement in a mixing motion. The continuous flow and throughput of the screw conveyor is
easily regulated, allowing for the precise control of the vaccine solution application into the feed
stream within it. In addition, the screw conveyor in this application features paddles installed
along its central axis spaced at 120° increments, aiding the mixing and blending action that
occurs during conveyance.
3.2.1

Coefficient of Friction
An area of concern in the Oral ESC Vaccine Delivery System is the flow characteristics

of feed when administering the liquid vaccine solution and the resulting feed rate. As the
vaccine solution is applied, the resulting coefficient of friction for the feed may increase and has
the potential to slow the feed delivery rate. In grains, coefficients of friction have been observed
to increase with increases in moisture content (Brubaker & Pos,1965; Tsang-Mui-Chung, Verma,
& Wright,1984). Konak et al., (2002) documented an increase in both the coefficient of friction
and angle of repose for chick pea seeds as moisture content of the seeds increased. In another
study with wheat on metal surfaces, Snyder et al. (1967) determined that increased relative
humidity and/or increased grain-surface moisture content increased the coefficient of friction.
Stewart et al. (1969) observed that the moisture content of grain sorghum was the prevailing
factor in determining the coefficient of friction when interacting with structural surfaces. The
results of a study by Lawton (1980) determined that, as a rule of thumb, the coefficient of
friction for grains increased as the moisture content of the grains also increased.
As discussed in Chapter II, feed rate was determined to be a function of the rotational
speed of the screw conveyor and the correlating driver to determine vaccine solution application
rate. As an example, a decrease in feed rate independent of a decrease in RPM of the screw
conveyor would result in the system over applying vaccine solution. This problem could become
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a compounding issue by the continuously increasing coefficient of friction as vaccine solution is
over applied. Therefore, for efficient and precise operation, the flow characteristics of the screw
conveyor needs to be determined as the vaccine solution is applied to the feed at the desired
application rate.
3.3

Experimental Objectives
The objective of this study is to assess the accuracy of utilizing the dry feed rate model

developed in Chapter II as the basis for vaccine solution application across the operational range
of the Oral ESC Vaccine Delivery System. If the first model is proven to be inaccurate, a
contingent model will be developed to accurately predict feed rate when administering vaccine
solution to pelleted catfish feed at a 220.5 ml/kg (100 ml/lb) application rate.
This study uses the Oral ESC Vaccine Delivery System described in Chapter II for
evaluating effects of vaccine solution administration on the feed flow rate and utilizes the
developed feed flow model as the basis for correlating and controlling vaccine solution
application rate to the feed across the system operating range.
3.4

Subtraction Methodology
The experimental procedure described in Chapter II to determine actual feed rates was

adapted for this evaluation. Previously, the method utilized to determine the screw conveyor
output was to collect and weigh the output of the screw conveyor for timed intervals. However,
this method was determined to be incompatible in this experimental evaluation due to the
addition of the simulated vaccine solution into the feed stream, thus changing the density of the
feed at the screw conveyor discharge.
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A new methodology was developed for this experimental procedure utilizing a
subtraction method by capturing the initial weight of the unadulterated feed in the bin at the start,
consecutively after one minute, and end of each sample period. This method quantified the
amount of feed withdrawn from the bin and provided a reliable method of determining the
average actual feed rate across the operational range of the delivery system, utilizing the
assumption that feed flows uniformly in the screw conveyor at each rate and after a one minute
period of feed flow, the flow normalizes within the screw conveyor. The final bin weight for
each sample period was subtracted from the one minute bin weight to obtain a total weight
withdrawn from the bin over the sample period and provide a method to calculate the feed rate.
3.5

Experimental Methodology and Procedures
Experimental testing was conducted at the Thad Cochran National Warmwater

Aquaculture Center catfish ponds facility located in Stoneville, MS utilizing Fish Belt mini pellet
catfish feed. Water was used to simulate the vaccine solution and applied to Fish Belt mini
pellets (2.6 mm diameter) during the evaluation. Water serves as the carrier in the vaccine
solution admix and vaccine inclusion is at an infinitesimal rate. Changes in viscosity of the
vaccine solution over that of regular water are negligible to non-existent and, therefore, not a
factor for consideration in this study utilizing water only.
The control system was programmed to administer the water through the vaccine solution
delivery system to the screw conveyor at a rate of 220.5 ml per kg of feed utilizing the feed rate
performance model created in Chapter II. This model was also utilized to create feed rate
settings from 15-75 pounds per minute in 5 pound increments on the human-machine interface
(HMI), creating a way to directly select and change feed rates with just the press of a virtual
button on its screen (figure 3.1).
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Figure 3.1

HMI interface for system control and automation of experimental data collection.

HMI display utilizes lb/min nomenclature.

A calibration program was created for the experiment to aid in consistent operation and
efficient data collection. All data points and operational times were collected and controlled by
the program. This eliminated the potential for any human error and inconsistency in data
collection or recording, automating timing and display of each of the collected data points for
each of the periods. This method simplified and standardized the data collection process,
creating an easily-repeatable experimental procedure for use between replications and for
subsequent experiments.
The experimental procedure involved loading the bin with Fish Belt mini pellet catfish
feed. The bin slide gate was fully opened to allow the fed to flow through the 17.78 cm square
opening in the screw conveyor inlet as directed by the conveyor. The HMI (virtual feed rate
display) controlled the screw conveyor rotation speed corresponding to a calibrated dry feed
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delivery rate. Activation of the start function on the HMI initiated the data collection period.
The start function simultaneously initiated feed flow rate controlled by rotational screw speed
and the water application to the feed stream through the PWM-controlled spray nozzles at an
application rate of 220.5 ml/kg of feed. Additionally, initiation of each sample period, through
activation of the start function, captured the beginning weight of the feed within the bin and
started a five minute timer that controlled various functions throughout the data collection
period.
3.5.1

Data Collection
Prior to the start of the data collection for each experimental procedure, a ten-minute

system warm-up period was utilized. The Oral ESC Vaccination Delivery System was set at the
20.41 kg/min (45 lb/min) rate, representative of the midpoint operational range of the system.
This period allowed the system to acclimate to conditions present during a normal vaccination
delivery procedure that had been identified in initial operational performance testing of the
system. This process was also controlled by the control system, utilizing a timed procedure
initiated on the HMI by the user, locking out all other functions of the system with the exception
of the emergency stop function. After warm-up, the experimental control functions of the HMI
became available to start data collection.
The captured start weight of the bin was displayed on the HMI and also recorded
manually for reference and to maintain multiple copies of the data. At the one minute interval,
the bin weight was captured, displayed, and recorded manually again. The one minute weight
was subtracted from the starting bin weight and displayed on the HMI. This number was
representative of the one minute feed rate of the system. The bin weight was captured again at
the five minute interval, displayed on the HMI, and the screw conveyor rotation ceased
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simultaneously, ending the data collection period. The bin weight at the end of the five minute
period was subtracted from the one minute bin weight. The one-minute period between changes
in feed rates allowed for the screw conveyor to theoretically normalize at the selected feed rate.
The procedure was repeated until all of the experimental units had been selected and their
resulting data captured. To prevent accidentally changing system settings during the
experimental period, all virtual buttons on the HMI with the exception of an emergency stop
were disabled until the period completed. Also, as each selected feed rate was completed, the
corresponding virtual feed rate button was disabled automatically to prevent re-selection during
the replication (6 replicates/feed rate). After data from each replicate was collected, all virtual
feed rate functions were re-enabled automatically to allow feed rate selection for the next data
set. The vaccine solution application was coordinated with each feed rate within the control
system to apply the liquid simulated vaccine at 220.5 ml per kg of feed. This function was
handled concurrently with the press of the virtual feed rate button, so no other interaction was
required to coordinate its correct rate selection within the experimental procedure.
3.5.2

Data Analysis and Interpretation
The experiment incorporated a randomized complete block experimental design in

determining the actual feed rate of the screw conveyor while applying the simulated vaccine
solution. The experiment was blocked by replication with the calculated feed rate setting, which
is a function of screw conveyor RPM, as the independent variable and the actual average feed
rate as the dependent variable. Within each of the six replications, six feed rates, 9.07, 13.61,
18.14, 22.68, 27.22, and 31.75 kg/min (20, 30, 40, 50, 60, and 70 lb/min) were selected as the
experimental units.
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Each of the four-minute feed rate data were averaged to estimate an average feed rate
over the sample period. Data collected were analyzed with SAS 9.4 (SAS Institute, Inc., Cary,
NC) utilizing the REGRESSION procedure and evaluated with the following model:
Actual Feed Rate (kg/min) = Feed Rate Setting (RPM) * Replication
Data output were analyzed at the 95% level of significance. At this level of statistical
significance, the feed rate setting (RPM) was determined to be significant in the regressed
prediction of feed rate. The replication term was determined to not be statistically significant in
the prediction or influence of the actual feed rate term. Therefore, the replication term was
removed from the model and the REGRESSION procedure was repeated.
The resultant output from SAS was utilized to create the following model (3.1) for actual
feed rate as a function of the feed rate setting (RPM) and accounted for 97% of the variability of
the data (figure 3.2):
Actual Feed Rate (kg/min) = Feed Rate Setting * 0.8896 + 0.55595
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(3.1)

Feed Rate (Setting vs. Actual)
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Figure 3.2

Regression of actual feed rate as a function of feed rate setting.

Comparison of this feed rate regression with the feed rate regression created from the
experimental analysis in Chapter II revealed that feed rates within the screw conveyor slowed
significantly when the simulated vaccine solution was applied, resulting in feed rates
approximately 60% of the predicted (figure 3.3). This slowing of feed rates resulted in an
application of simulated vaccine solution at an average of an additional 40% over the intended
application rate and observationally, discharging the liquid out of the pneumatic conveyor
unabsorbed by the feed pellets.
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Figure 3.3

3.6

Predicted Feed Rate

Comparison of predicted and actual screw conveyor feed rate performance.

Model Validation and Data Evaluation
Testing of the new regression created from the initial wet feed rate data utilized the same

pelleted feed, Fish Belt mini pellet. Sampling procedures consisting of a 10 minute warmup
period, one minute rate normalization periods, and a four minute collection of output averaged to
determine the actual feed rate as in the preceding experiment.
The experimental procedure incorporated a randomized complete block to analyze the
efficacy of the regressed linear feed rate model in predicting the actual feed rate of the Oral ESC
Vaccine Delivery System. The experiment was again blocked by replication with the calculated
feed rate setting (RPM) as the independent variable and the actual feed rate in kg/min as the
dependent variable. Four replications with three feed rates (11.34, 20.41, and 29.48 kg/min - 25,
45, and 65 lb/min) within the bounds of the original data set were selected for evaluation.
Each of the four minute feed rate data were again averaged to estimate the average feed
rate over the four minute periods. The resulting data were analyzed with SAS 9.4 (SAS Institute,
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Inc., Cary, NC) utilizing the REGRESSION procedure employing the same model (3.1) as in the
previous experimental analysis:
Actual Feed Rate (kg/min) = Feed Rate Setting (RPM) * Replication
Data output were analyzed at the 95% level of significance. At this level of statistical
significance, the feed rate setting, as a function of screw conveyor RPM, was determined to be
significant in the regressed prediction of feed rate. The replication term was determined to not
be statistically significant in the prediction or influence of the actual feed rate term. Therefore,
the replication term was removed from the model and the REGRESSION procedure was
repeated.
The resultant output from SAS was utilized to create an updated model (3.2) for actual
feed rate as a function of the feed rate setting (RPM) (figure 3.4):
Actual Feed Rate (kg/min) = Feed Rate Setting (kg/min) * 0.90472 + 1.57441
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(3.2)

Figure 3.4

3.6.1

Fit plot of actual feed rate performance (in kg/min) as a function of the feed rate
setting (RPM) of the Oral ESC Vaccine Delivery System screw conveyor.

Discussion
This model, with an adjusted R² of 0.9862, was able to account for most of the data

variability. However, performance of the delivery system at the individual feed rates indicated
the model overestimated the feed rates below 13.61 kg/min (30 lb/min) and underestimated the
feed rates above 15.88 kg/min (35 lb/min). This translates into range of vaccine solution
application between 95% of intended at 34.02 kg/min (75 lb/min) and 112% of intended at 6.80
kg/min (15 lb/min). These inaccuracies in the fit of the model translate into under applying or
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wasting vaccine and have the potential to translate into reduced efficacy in vaccination,
especially at higher feed rates.
An area of consideration in the performance testing described in the previous experiment
is the minimal data collection within. A lack of availability of the Fish Belt mini pellet feed
dictated the evaluation performed in the second study and prevented a more robust study that
potentially could have captured more of the system variability and provided a more statistically
sound model for evaluation such as a repeat of the initial evaluation with six rates and six
replications.
3.7

Conclusions
Performance testing of the Oral ESC Vaccine Delivery System was conducted to

determine actual feed rates when applying the vaccine solution at a targeted application rate of
220.5 ml/kg (100 ml/lb) of feed across the operating range of the system of 6.80-34.02 kg/min
(15-75 lb/min) The subtraction method of feed rate determination negated any potential changes
in the density of the pelleted feed caused by addition of simulated vaccine solution application at
220.5 ml/kg (100 ml/lb) by monitoring the bin weight throughout the sampling period to
determine the average feed rate for each sampling period. The resulting data were evaluated to
determine the system performance and screw conveyor feed flow characteristics under simulated
vaccine application conditions.
The following conclusions were determined from the evaluations.


When utilizing the dry feed rates from Chapter II as a model to coordinate vaccine
solution application, the resultant feed rates with water applied were
approximately 60% of predicted, indicating a large increase in the coefficient of
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friction of the pelleted feed that decreased overall feed rates, leading to the
vaccine solution being over applied.


An initial feed rate model was created from the first vaccine solution application
sampling period data that accounted for 97% of the variability in predicted versus
actual feed rates.



The validation of the initial model at 11.34, 20.41, and 29.48 kg/min (25, 45, and
65 lb/min) produced a second model describing system performance that
accounted for 98% of the variability in feed rate performance data.



The secondary feed rate model underestimated feed rate at the lower and upper
end of the operating range, but overestimated at the midpoint.



Further research into the uniformity of coverage of vaccine solution and efficacy
of the mixing action of the screw conveyor is necessary to determine individual
pellet vaccine deposition and further characterize the system.
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CHAPTER IV
EVALUATION OF VACCINE SOLUTION DISTRIBUTION AT THE PELLET LEVEL
ACROSS THE RANGE OF OPERATION OF THE ORAL ESC VACCINE DELIVERY
SYSTEM
4.1

Introduction
Enteric septicemia of catfish (ESC), caused by a gram negative enteric bacterium

identified as Edwardsiella ictaluri (Hawke 1981) is the most problematic bacterial disease
affecting the production of channel catfish fingerlings. Epizootics are most common in the fall
of the first production season when temperature are permissive for epizootics (22-28°C) and
naïve fingerling catfish are initially exposed to the pathogen (Wise et al 2004). Without
intervention, feed restriction and or medicated feed, mortality can approach 50%. While feed
restriction can slow the spread of infection and greatly reduce ESC associated losses, the practice
severely reduces fish production through lost feed days (Wise et al 2008). This causes a shortage
in large stocker fish required for foodfish production and increases the number of production
days to produce harvestable sized fish.
Research evaluating the pathogenesis of E. ictaluri infections revealed disease
transmission occurs from water-borne exposure to mucosal membranes (Newton et al., 1989) and
ingestion of bacterial during feeding (Wise et al., 2008). Understanding the oral route of
infection was significant in that it presented the possibility of orally vaccinating with live
attenuated vaccines. Research in vaccine development at the Thad Cochran National Warmwater
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Aquaculture Center, Stoneville, MS demonstrated ingestion of a live attenuated vaccine was very
effective in stimulating strong protective immune response in laboratory and small scale field
trials (Wise et al., 2015; Peterson et al., 2016; Chatakondi et al., 2017). The vaccine is mixed
with feed at rate of 100ml vaccine solution/1lb feed to deliver a target dose of 1x107CFU/g wet
feed. Further work led to the development of fermentation and processing protocols for
commercial vaccine production (Greenway et al., 2017). While oral delivery of the vaccine
resulted in marked improvements in survival, the vaccination strategy had little practical value
without a mechanized system of applying and mixing vaccine with feed as fish are being fed.
This led to the development of an alpha prototype delivery system that top-coated feed
with vaccine utilizing a feed conveyor system and spray nozzle configuration that applied
vaccine at a rate of 220.5ml vaccine solution per 1 kg dry feed. The system was designed to
apply vaccine at the prescribed rate at variable feeding rates and was controlled through an
integrated user interface. Vaccine solution delivery was regulated by an electric-controlled
mechanical ball valve that regulated the flow of vaccine by adjusting its position to allow the
desired rate of vaccine to flow through to the spray nozzles. The position was regulated by an
integrated control system that also coordinated feed rate of the screw conveyor and adjusted the
valve to match accordingly.
Proof of concept was validated in large scale experimental ponds trials resulting in
significant improvements in production parameters (Wise et al., in press), but system design
flaws limited its use for commercial application. This led to the development of a beta version
with more precise control over vaccine application in relation to feed delivery rate. Initial
system performance curves were established based on dry feed flow characteristics through the
screw conveyer chute, which proved to be inaccurate. It was later determined that flow
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characteristics of feed through the screw conveyor are altered by frictional forces created by
application of liquid material to feed. Changes in the feed flow characteristics of the system
caused by vaccine solution application resulted in under and over application of vaccine as feed
rates were varied. The objective of this work was to evaluate vaccine solution distribution at the
pellet level across the operational range of the delivery system.
4.2

Experimental Objective
The objective of this work was to evaluate vaccine solution distribution at the pellet level

across the operational range of the delivery system. A greater understanding of performance
characteristics will identify potential flaws in vaccine mixing characteristics in feed stream and
allow adjustments to the screw conveyer system to ensure vaccine application uniformity to
individual feed pellets. Uniform vaccine distribution is a crucial component of the delivery
systems since fish must consume vaccine saturated feed for immunization. Poor vaccine
distribution could compromise the effectiveness of the oral vaccination platform if fish consume
feed pellets containing an insufficient immunizing dose.
While all size classes of fish capable of consuming a pellet diet, fish 3-4” in size is
targeted for efficient vaccine application. Most of the fingerlings produced in the delta region of
Mississippi and Arkansas are fed Fish Belt Feeds, Inc. floating mini-pellet as discussed in
Chapter II, the floating mini-pellet has an average diameter of 2.656 mm (0.10455 in.) and a
mass of 0.018032g (0.000636 oz.) and will be utilized for testing.
4.2.1

Fingerling Pellet Consumption
Uniform vaccine application across all feed pellets is a critical component to the oral

vaccination platform and becomes more important as fish size decreases, since smaller fish eat
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less feed, increasing the probability of fish consuming a daily feed ration that does not contain an
immunizing dose of vaccine. Catfish fingerlings consume approximately 4-6% of their body
weight when feeding (Tucker & Robinson, 1990), but during vaccine application it is estimated
fish are fed about one-half of the daily ration. This is a result of much slower feeding rates
during vaccination. On commercial fingerling operations, catfish fingerling are typically fed
between 45.36-96.72 kg (100-200 lb) per minute, where feed is allowed to float in the water until
consumed. In contrast, during vaccination fish are fed at a rate that matches fish feed
consumption to prevent leaching of the vaccine from the saturated feed pellet. Typically fish are
fed between 9.07-13.61 kg/min (20-30 lb/min), which reduces feeding frenzy activity and overall
feed consumption. A rough estimate is fish are fed around 2% body weight. As fish size
increases, the number consumed pellets/fish increases and reduces the chance fish consuming the
number of pellets that were under applied with vaccine.
Table 4.1

Average number of feed pellets consumed by size of fingerling.
Number of Pellets Consumed

Fingerling Length
(cm)
7.62
8.89
10.16
11.43
12.7
13.97
15.24

(% of bodyweight)
2%

4%

5%

6%

3.70
5.59
8.02
11.05
14.84
19.35
24.71

7.39
11.17
16.03
22.10
29.68
38.71
49.41

9.24
13.96
20.04
27.63
37.10
48.39
61.76

11.09
16.76
24.05
33.16
44.52
58.06
74.12

Using a calculated 5% of body mass as the rate of pellet consumption and calculating an
average mass per fish for each size of fingerling, determined from a fingerling mass per 1,000
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fingerlings chart (Tucker & Robinson, 1990), an average number of pellets consumed as a
function of fingerling length was calculated (table 4.1). At the 7.62 cm (3in) fingerling size, an
average fish will consume approximately 9 pellets of Fish Belt mini-pellet at a feeding.
Conversely, a 15.24 cm (6in) fingerling will consume almost 61 pellets of the same feed during
feeding. This relationship can be represented by the following polynomial regression (equation
4.1) and the resultant plot (figure 4.1).
𝑦 = 0.6462𝑥 2 − 6.5707𝑥 + 23.837

(4.1)

Where:
y = number of pellets consumed
x = fingerling length in inches

Pellets Consumed as a Function of Fingerling Length
80
y = 0.6462x2 - 6.5707x + 23.837
R² = 0.9999
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Figure 4.1

Plot of the relationship of fingerling length to average number of Fish Belt minipellet pellets consumed per fingerling.
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The variability in average pellet consumption across the range of fingerling sizes makes
the individual pellet-vaccine solution relationship a crucial variable to quantify to better
understand the Oral ESC Vaccine Delivery System’s performance capabilities and develop
delivery protocols that maximize vaccine coverage to pond populations of fish in commercial
fingerling production systems.
4.3

Experimental Objective
The objective of this study was to evaluate the uniformity of coverage of the Oral ESC

Vaccine Delivery System at the individual pellet level at three feed rates across the range of
operation of the system. The rates of 6.80, 20.41, and 29.48 kg/min (15, 45, and 75 lb/min) were
selected, representing the low, mid, and high points of the operational range of the system. The
vaccine solution utilized water as an analogue and was calibrated to apply 220.5 ml/kg (100
ml/lb) of feed during the system’s operation. Consistent with Chapters II and III of this
manuscript, Fish Belt Feeds, Inc. (Moorhead, MS) mini-pellet was selected to be utilized in the
evaluation.
4.3.1

Initial Feed Moisture Content Determination
Prior to the start of the experimental procedure, six 200 mL feed samples were collected

and analyzed utilizing procedures outlined in ANSI/ASAE S358.3 Moisture Measurement Forages to determine an average starting moisture content of the pelleted feed. The samples
were weighed on an analytical balance (Mettler-Toledo MSR4002SDR, Mettler-Toledo,
Columbus, OH) with an accuracy of ± 0.01%, their resulting weights recorded, and then placed
in a Lindberg Blue M (Thermo Fisher Scientific, Waltham, MA) oven for 24h at 103°C to dry
the pellets to zero moisture content (figure 4.2). At the conclusion of the 24h drying period, the
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samples were removed from the oven, weighed, and the weights of each sample recorded again
(table 4.2). Utilizing the formula found in the ANSI/ASAE standard, a moisture content for each
of the samples and an average from the combined moisture contents were determined. This
average moisture content served as the basis for the remainder of the experimental evaluations.

Figure 4.2

Mettler-Toledo MSR4002SDR analytical balance (left), Thermo Fisher Scientific
Lindberg Blue M (center); samples loaded in Lindberg Blue M for drying (right).

Table 4.2

Table of initial and final sample weights for moisture content determination

Sample

Initial wt. (g)

Final wt. (g)

MCdb

1

55.15

51.18

7.76

2

53.02

49.20

7.76

3

53.33

49.44

7.87

4

53.08

49.30

7.67

5

53.62

49.75

7.78

6

52.97

49.10

7.88

Average

7.79
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4.4

Experimental Procedure
The experimental procedure for determining vaccine deposition at the pellet level

consists of a system warm-up period to allow the Oral ESC Vaccine Delivery System to achieve
an observed steady-state operating condition and a sample collection period. Pre-run procedures
utilized were the same as those described in Chapter III with the bin slide gate opening and a
screw conveyor run warm-up period. The system feed rate was set at 20.41kg/min (45 lb/min)
and run for a 5 minute period.
At the conclusion of the 5 minute warm-up period and to conserve feed, six samples were
collected at the 20.41 kg/min (45 lb/min) rate from the discharge air stream of the system
utilizing a mesh net and allowing for the high-velocity air stream to pass through while capturing
the feed (figure 4.3). Once the six samples were captured at the 20.41 kg/min (45 lb/min) rate,
the feed rate of the system was switched to the one of the remaining two rates and allowed to run
for a one-minute period to allow for the feed rate flow to normalize before collecting any
samples. This process was repeated for the remaining feed rate to end the experimental
procedure.
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Figure 4.3

Pellet-level vaccine solution deposition sample collection.

Pellets collected from discharge air stream with net (left); filling sample pans (center); separating
sample pans according to feed rate (right).
Sample analysis to determine vaccine deposition at the pellet level consisted of utilizing
pellets randomly selected from the six large samples collected at each of the three feed rates.
Mass determination for the individual pellets were performed on three analytical balances
(Mettler-Toledo XS204, Mettler-Toledo, Columbus, OH) of identical specifications with an
accuracy of ±0.0001g. Following ANSI/ASABE S358.3 Moisture Measurement – Forages, all
samples were dried for 24h at 103°C and reweighed to establish, through calculation, the dry
basis moisture content for each of the samples.
4.4.1

Construction of 50-Well Sampling Plates
Moisture content following vaccine application (water to simulate vaccine solution) was

determined by weight measurements as a mean of assessing coverage uniformity during delivery
system operation. Three analytical balances (Mettler Toledo, X204) were used to measure pellet
weights that were placed in eighteen 50-well plates constructed of 0.75 inch polysulfone. Wells
within in each plate were 6.35 mm. (0.25 in.) in diameter and 7.62 mm. (0.30 in.) in depth,
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spaced at 7.62mm. (0.30 in.) on center to accommodate and singulate the individual pellets
(figure 4.4). Each well plate was labeled (1-18) and the wells in each of the plates were arranged
in a five row by 10 column configuration and designated by row (A, B, C, D, and E) and by
column (1-10) for identification. The six samples from each rate 6.80, 20.41, and 34.02 kg/min
(15, 45, and 75 lb/min) were divided evenly among three balances and assigned randomly to
where each balance received two samples of each of the three rates.

Figure 4.4

50-well polysulfone plates utilized to singulate pellets for analysis

Rows (A-E), Columns (1-10).

4.4.2

Sampling Procedure
To begin the individual pellet mass collection procedure, a numbered plate was assigned

to and placed on a specific balance and the mass of the plate recorded An individual pellet was
selected from the large sample with tweezers, placed into well A-1, and the new mass recorded.
The procedure continued until all wells in Row A were filled in order from 1-10, then repeated
for each of the subsequent rows until all of the wells were filled, ending at well E-10 (figure 4.5).
Once filled, the 50-well plates were placed into an oven for 24h at 103°C for drying.
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Figure 4.5

Loading and weighing individual pellets into well (left); singulated pellets loaded
into well plate (right).

After the completion of the 24h drying period, each of the plates were removed and
placed on its corresponding balance and the ending drying period mass recorded. Following a
reverse order from pellet placement, the dry pellet in well E-10 was removed and the mass
recorded. Again, the procedure continued in Row E in order from 10-1, then repeated for each
subsequent row until all of the pellets were removed from the wells, ending at well A-1. The
resultant weight of the empty 50-well plate was recorded.
Accounting For 50-Well Plates Losses in Mass

4.4.3

Each of the polysulfone 50-well plates experienced a loss in mass during drying. To
account for the loss as it relates to the individual pellet mass, the ending mass for each plate was
subtracted from the initial mass and divided by the number of pellets (50). This resultant amount
of mass lost was then subtracted from each of the initial pellet weights for each of the
corresponding plates, thereby accounting for the differences and eliminating its influence on
analysis.
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4.5

Data Analysis
Post-drying individual pellet mass was subtracted from the corrected initial mass, then

adjusted using the calculated average starting dry basis moisture content of the pelleted feed to
reflect an assumed initial pellet mass for each of the pellets before passing through the screw
conveyor and receiving the simulated vaccine solution treatment. The post-drying mass of each
pellet was then subtracted from the assumed initial pellet mass, providing the mass of the applied
liquid for each pellet. Observations in the resulting data with negative values were adjusted to
zero for analytical purposes.
From the applied liquid mass calculations, the percentage of water added to each pellet
from the simulated vaccination procedure was determined by utilizing the moisture content dry
basis formula found in ANSI/ASAE S358.3. The Median Absolute Deviation method for
identifying and removing outliers from the data set was utilized on the resultant data.
An Arcsine transformation was performed on the data and then analyzed in SAS 9.4
(SAS Institute, Cary, NC) utilizing the UNIVARIATE PROCEDURE. The resultant output
indicated that vaccine solution deposition was highly variable when evaluated at the individual
pellet level for the three feed rates. A means comparison revealed that the 20.41 and 34.02
kg/min (45 and 75 lb/min) feed rates were not statistically significantly different with respect to
average vaccine deposition at the pellet level. Also, a comparison of the median values for each
of the rates points to a potential difference in system performance with respect to vaccine
solution application rate, with 6.80 kg/min (15 lb/min) being at the upper end and 34.02 kg/min
(75 lb/min) receiving a lesser amount (table 4.3). Further experimentation into this area is
needed to better understand system performance as a whole.
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Table 4.3

Statistical analysis of vaccine solution deposition by feed rate.

(kg/min)

Mean

Median

Standard
Deviation

Variance

Coefficient
of
Variation

6.80

12.25099

14.33005

6.137312

18.85834

88.31239

73.01035

14.93133

20.41

8.582184

10.20008

4.173001

43.14404

87.3843

54.65031

10.33634

34.02

8.388112

9.950074

4.830301

10.39569

93.65734

57.06032

17.7693

Feed Rate

Range

Interquartile
Range

The resultant histograms for each of the rates were plotted for ease of comparison of the
data distributions (figure 4.6). All three feed rates indicate a right-skewness in the distribution of
vaccine solution deposition at the individual pellet level. This skewness may be associated with
the assignment of data with negative values with a value of zero for analysis. Additionally, the
increase in overall simulated vaccine solution deposition at the 6.80 kg/min (15 lb/min) feed rate
over the 20.41 and 34.02 kg/min (45 and 75 lb/min) rates can be identified.
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Figure 4.6

Histograms of vaccine solution distribution; Added Vaccine Percentage (X Axis).

6.80 kg/min (15 lb/min) (top); 20.41 kg/min (45 lb/min) (middle); 34.02 kg/min (75 lb/min)
(bottom).
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The randomized block experimental design was utilized to group data and analyze the
deposition of simulated vaccine solution onto the individual pellets. The experimental data was
blocked by feed rate, with the balance used to collect the individual pellet weights as the
independent variable and the calculated added moisture content of the pellet as the dependent
variable.
Data were analyzed with SAS 9.4 (SAS Institute, Inc., Cary, NC) utilizing the GLM
PROCEDURE. At the 95% confidence interval, the balance variable was determined to not be
statistically significantly different in determining pellet weights for added moisture content. The
rate term, however, was significant and further analysis utilizing the Duncan-Waller pairwise
comparison indicated that the 6.80 kg/min (15 lb/min) feed rate was significantly different than
the other two feed rates of 20.41 kg/min (45 lb/min) and 34.02 kg/min (75 lb/min) (table 4.4).
Table 4.4

Duncan-Waller Pairwise comparison of mean vaccine solution deposition by feed
rate.
Added Moisture per Pellet (%)
Waller Grouping

Mean

N

Rate

A

12.251

296

6.80

B
8.582
289
20.41
B
B
8.388
297
34.02
*Letters indicate grouping; similar letters indicate no statistical differentiation within groups.
4.5.1

Discussion
A comparison of the means for the feed rates revealed that the 20.41 and 34.02 kg/min

(45 and 75 lb/min) feed rates had mean added moisture content (dry basis) percentages of
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8.582% and 8.388% respectively. The mean of the 6.80 kg/min (15 lb/min) feed rate was
12.251%, indicating an overall higher deposition of liquid on the individual pellets at the lower
delivery rate when compared to the higher delivery rates.
An analysis of the average liquid application rates performed in Excel revealed pellets at
the 6.80 kg/min (15 lb/min) feed rate received an average application of 170.379 ml of the
solution per kg of feed, while the 20.41 kg/min (45 lb/min) rate received 137.102 ml. and the
34.02 kg/min (75 lb/min) rate received 148.68 ml. These differences indicate that there may be a
possible relationship between screw conveyor speed and uniformity of vaccine solution coverage
when analyzed on the individual pellet level.
The variation in liquid deposition at the individual pellet level present possible issues
with the current configuration of the vaccine delivery system. Results could be related to an
inadequate volume of liquid being applied to the feed stream or inadequate mixing. Nonuniform liquid distribution could impact vaccine efficacy, particularly in small fingerlings fed at
low rates. As fish increase in size, the number of pellets consumed increases which, in theory,
would lessen the impact of non-uniformity of vaccine application to individual pellets.
However, the methodology to capture individual pellet weights as a means to determine vaccine
solution deposition may be inadequate. Further evaluation at the pellet level with the live
attenuated ESC vaccine to determine viable cell counts within individual pellets would aid in
answering and understanding the uniformity of coverage questions more fully.
4.6

Conclusions
Vaccine solution coverage uniformity performance testing with the Oral ESC Vaccine

Delivery System was performed to describe and categorize system variability at three rates (15,
45, & 75 lbs./min.) and to analyze vaccine solution deposition at the pellet level. Six large
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samples for each rate were collected for each of the three feed rates. From the large samples,
fifty pellets were randomly selected and individually weighed to determine the estimated applied
liquid mass for each pellet. The resultant data were used for calculating vaccine solution
application rate as a function of dry matter moisture content at the pellet level and also in
determining vaccine solution deposition variability at the individual pellet level. The following
conclusion were determined from the evaluations.


Uniformity of vaccine application at the individual pellet level is highly variable
across the three evaluated feed rates of 6.80, 20.41, and 34.02 kg/min (15, 45, and
75 lb/min).



The 6.80 kg/min (15 lb/min) feed rate has a higher mean vaccine solution
deposition and larger range of application than the 20.41 and 34.02 kg/min (45
and 75 lb/min) feed rates. However, vaccine solution deposition across all rates
were lower than targeted and should be evaluated further to determine the cause.



In a pairwise comparison of the mean simulated vaccine solution deposition at the
pellet level, the 20.41 and 34.02 kg/min (45 and 75 lb/min) rates were not
statistically different with respect to mean vaccine solution deposition at the pellet
level.



The methodology for obtaining pellet weights for vaccine solution deposition may
be inadequate to detect exacting amounts at the individual pellet level of
evaluation. Additional experimentation utilizing the live attenuated ESC vaccine
to obtain CFU per gram of feed at the pellet level may provide a more accurate
method of determining vaccine uniformity across individual pellets.
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Additional experimentation across the entire range of operation of the Oral ESC
Vaccine Delivery System is necessary in order to develop an ESC vaccine
efficacy matrix based on fingerling size and system feed rate. This information
would aid in the creation of specific operating protocols that maximize system
capability and vaccine efficacy.
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CHAPTER V
SUMMARY CONCLUSIONS
5.1

Chapter II – Vaccination System Design, Development, and Performance
Chapter II outlines the disease management challenges faced in commercial catfish

production systems, justification for the creation of the Oral ESC Vaccine Delivery System,
describes the components of the system and their specific functions, and the characterization of
the screw conveyor’s RPM relationship in determining the feed rate across the operational range
of the system utilizing the Fish Belt mini-pellet pelleted catfish feed. Initial measurements to
characterize the relationship between the RPM of the screw conveyor and the frequency setting
of the VFD revealed a direct, linear correlation, allowing the frequency setting to both control
and be an indicator of the screw conveyor RPM. Secondary data were collected to characterize
the dry feed rate of the system across the range of operation of the screw conveyor from 10 to 60
RPM. Specific conclusions from the study are as follows.


The hertz setting of the screw conveyor VFD is representative of the rotational
speed (RPM) of the screw conveyor.



Feed flow characteristics of the screw conveyor are linear across the operational
range of 10-60 RPM.



The theoretical feed rate of the screw conveyor calculated from build
specifications underestimates the actual feed rate by an average of 55% across the
operational range of the screw conveyor.
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In feed with no liquid applied, the actual feed rate has a range of 13.15-48.99
kg/min (29-108 lb/min) and can be described with a single linear regression.



Further research is needed to evaluate the performance of the system with the
vaccine solution applied to develop a model that coordinates the vaccine solution
with the actual feed rate.

5.2

Chapter III - Discussion of System Performance Characteristics when Applying
Liquid Vaccine Solution
Chapter III details the procedures utilized to determine the feed rate characteristics of the

Oral ESC Vaccine Delivery System when applying a simulated liquid vaccine solution at a rate
of 220.5 ml/kg (100 ml/lb) of feed. A methodology to determine the feed rate of the system
utilizing the starting and ending bin weights over a period of operation was implemented to
avoid changes in pellet density from the application of the simulated vaccine solution. Feed rates
from 6.80 to 34.02 kg/min (15 to 75 lb/min) were evaluated for accuracy when simulating
vaccine solution application and the resultant data was utilized to create a secondary model to
sync vaccine solution application and feed rate. The secondary model was evaluated at the
11.34, 20.41, and 29.48 kg/min (25, 45, and 65 lb/min) feed rates to assess its accuracy. The
following conclusions were determined from the evaluations.


When utilizing the feed flow rate from Chapter II as a model to coordinate
vaccine solution application, feed rates were approximately 60% of predicted,
indicating a large increase in the coefficient of friction of the pelleted feed,
leading to the vaccine solution being over applied.
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An initial feed rate model was created from the first vaccine solution application
sampling period data that accounted for 97% of the variability in predicted versus
actual feed rates.



The validation of the initial model at 11.34, 20.41, and 29.48 kg/min (25, 45, and
65 lb/min) produced a second model describing system performance that
accounted for 98% of the variability in feed rate performance data.



The secondary feed rate model underestimated feed rate at the lower and upper
end of the operating range, but overestimated at the midpoint.



Additional experimental evaluation and validation is necessary to achieve an
acceptable range in the vaccine solution application rate.



Further research into the uniformity of coverage of vaccine solution and efficacy
of the mixing action of the screw conveyor is necessary to determine individual
pellet vaccine deposition.

5.3

Chapter IV –Assessment of Distribution of Vaccine Solution at the Pellet Level
Evaluated at Three Feed Rates
Chapter IV discusses the need for characterizing vaccine solution deposition across

individual pellets and details the methodology utilized to determine the solution distribution
variability at the 6.80, 20.41, and 34.02 kg/min (15, 45, and 75 lb/min) feed rates at the
individual pellet scale. Sampled pellets were, singulated on 50-well polysulfone plates for mass
determination, then dried following ANSI/ASAE 358.3 – Moisture Measurement – Forages.
Dried pellets were again weighed and differences between starting and ending mass was utilized
to determine vaccine solution deposition as a function of dry matter moisture content for each of
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the individual pellets. Data collected were analyzed and the following conclusion were
determined from the evaluations.


Deposition of simulated vaccine solution at the individual pellet level is highly
variable across the three evaluated feed rates of 6.80, 20.41, and 34.02 kg/min
(15, 45, and 75 lb/min)



The 6.80 kg/min (15 lb/min) feed rate has a higher mean vaccine solution
deposition and broader range of application than the 20.41 and 34.02 kg/min (45
and 75 lb/min) feed rates. However, vaccine solution deposition was lower than
targeted across all rates and should be investigated further to determine the cause.



In a pairwise comparison of the mean simulated vaccine solution deposition at the
pellet level, the 20.41 and 34.02 kg/min (45 and 75 lb/min) rates were not
statistically different with respect to mean vaccine solution deposition at the pellet
level.



The methodology for obtaining pellet weights for vaccine solution deposition may
be inadequate to detect exacting amounts at the individual pellet level of
evaluation. Additional experimentation utilizing the live attenuated ESC vaccine
to obtain CFU per gram of feed at the pellet level may provide a more accurate
method of determining vaccine uniformity across individual pellets.



Additional experimentation across the entire range of operation of the Oral ESC
Vaccine Delivery System is necessary in order to develop an ESC vaccine
efficacy matrix based on fingerling size and system feed rate. This information
would aid in the creation of specific operating protocols that maximize system
capability and vaccine efficacy.
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5.4

Summary Conclusions
In summary, the Oral ESC Vaccine Delivery System’s performance can be described by

linear feed rate flow models for both the dry and vaccine-laden feed. Feed rate performance of
the screw conveyor is affected by vaccine solution application, reducing the overall capacity of
the system, with its inclusion onto the feed stream at the targeted 220.5 ml/kg (100 ml/lb).
Vaccine solution deposition is highly variable when analyzed at the individual pellet level, with
some pellets containing high concentrations of liquid, while others are receiving no top coating.
Average catfish fingerling pellet consumption by size models should aid in identifying the point
at which pellet vaccine concentration variability is overcome by fingerling pellet consumption
and direct operational procedures for effective vaccination against the ESC disease and lend
themselves to direct further system refinement that optimizes performance and drives system
industry adoption and improves overall vaccine efficacy.
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